[1] We explore the dependency of general circulation model tracer transports on model physics and horizontal and vertical resolution. We use NASA Goddard Institute for Space Studies (GISS) Model E at 4°Â 5°with 20 and 23 layers and the GISS Global Climate Middle Atmosphere Model 3 at 4°Â 5°with 23 and 53 layers and at 2°Â 2.5°with 53 and 102 layers. The online tracers employed are CO 2 , CH 4 , N 2 O, SF 6 , 222 Rn, bomb 14 C, and O 3 . Model experiments are done two ways: with specified stratospheric ozone or with the stratospheric ozone tracer used for atmospheric radiation calculations. The results show that when model physics produces greater precipitation over land in the Northern Hemisphere summer monsoon region, as occurs in Model 3, the associated dynamics (stronger Hadley cell) and subgrid-scale transports lead to faster and more realistic interhemispheric transport. Increased vertical resolution results in some increase in vertical mixing between the boundary layer and upper troposphere, due to both convective and synoptic-scale influences. A better resolved boundary layer does not result in higher surface concentrations, as the influence of various processes (convection, turbulence, rainfall) contribute in different ways. Transport into, within, and out of the stratosphere is faster (less realistic) with the coarser resolution models as wave forcing generates a stronger residual circulation. It is also faster in Model E as a result of its larger parameterized orographic gravity wave drag; the latter also results in a more ''leaky'' stratospheric tropical pipe. Horizontal resolution in this range by itself has minimal impact on most transports (although for active chemical tracers, photochemistry has been shown to be resolution-dependent). In contrast, finer vertical resolution leads to faster interhemispheric transport, slower mixing into and out of the stratosphere, and greater age of stratospheric air. When both resolutions are increased, the largest changes are seen. The interactive stratospheric ozone tracer, without an ozone hole parameterization, produced (as expected) greater ozone values than observations in the lower stratosphere. The associated temperature warming of a few degrees Celsius increased atmospheric stability and altered the tropospheric wave forcing of the Brewer Dobson circulation such that the stratospheric age of air increased by some 30%. This large sensitivity has implications for past and future stratospheric circulations and for the ability of climate perturbations to affect the stratosphere. 
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Introduction
[2] There are an increasing number of model intercomparisons taking place, highlighted by the 20 coupled atmosphere-ocean models being evaluated in conjunction with the IPCC 2007 report. Included among the efforts are comparisons of tracer transports. For example, TransCom has as one of its goals ''to quantify and diagnose the uncertainty in inversion calculations of the global carbon budget that result from errors in simulated atmospheric transport.'' TransCom tracer transport comparisons have so far included CO 2 [Law et al., 1996] for understanding the consequences of model differences for CO 2 inversions; and SF 6 [Denning et al., 1999] for understanding interhemispheric transport. As the CO 2 example illustrates, tracer transports are important for understanding atmospheric composition changes that can affect climate; tropospheric ozone and dust are two other obvious species but with more complex chemistry and chemical sinks.
[3] Tracer transports resulting from atmospheric dynamics often involve ageostrophic or higher-order fields (e.g., eddy transports) that are hard to observe otherwise, so tracer comparisons can theoretically improve this aspect of general circulation models (GCMs). Unfortunately, two factors have so far limited the utility of this approach. Observations of many of the relevant species are not yet available (for example, 222 Rn values in the upper troposphere, of interest for assessing convective fluxes). In addition, the models involved differ in many aspects, which complicates the assessment when results differ. It is this latter aspect which is the focus of the experiments reported here.
[4] Numerous papers have explored the impact of horizontal and/or vertical resolution on atmospheric simulations (an extensive but not all inclusive listing includes Boer and Lazare [1988] , Rind [1988] , Boville [1991] , Kiehl and Williamson [1991] , Boyle [1993] , Chen and Tribbia [1993] , Gleckler and Taylor [1993] , Sperber et al. [1994] , Deque et al. [1994] , Phillips et al. [1995] , Williamson et al. [1995] , Boer and Denis [1997] , Williamson and Olsen [1998] , Stendel and Roeckner [1998] , Williamson [1999] , Pope et al. [2001] , Brankovic and Gregory [2001] , and Roeckner et al. [2006] ). A general conclusion emerging from this work is that the biggest effect of increasing horizontal resolution on atmospheric dynamics emerges when going from >5°latitude Â longitude (i.e., T21 in spectral models) to <3°(T42), with some additional improvement at $2°(T63) [e.g., Williamson et al., 1995; Pope et al., 2001; Roeckner et al., 2006] . At even finer resolution there is little systematic change especially in the extratropics, although tropical phenomena, including convection and Hadley cell intensity often continue varying, albeit somewhat inconsistently in different models [e.g., Roeckner et al., 2006] . The results are also not independent of vertical resolution; for example, Roeckner et al. [2006] found that increasing vertical resolution from 2 km to 1 km improved dynamical simulations when the resolution was finer than 3°, while 2 km seemed sufficient at coarser horizontal scales. In the experiments reported here we investigate the impact on tracer transports of varying both the horizontal and vertical resolution around these ranges.
[5] Convective transports dominate the tropospheric vertical distribution of many short-lived species especially in the tropics [e.g., Hess, 2005] . Convection in particular is sensitive to resolution changes, with a tendency for increased convective fluxes and rainfall due to greater convergences when horizontal resolution is finer [e.g., Brankovic and Gregory, 2001] . In addition, increased vertical resolution can result in greater detrainment in the midtroposphere, with less deep convection above, altering the tropical temperature/stability profiles, including tropopause temperatures [Pope et al., 2001; Roeckner et al., 2006] . We have included in these experiments a model with very fine tropospheric vertical resolution to explore this possibility.
[6] As computer power has increased, climate models have been run with finer horizontal resolution. In the latest simulations for the IPCC Fourth Assessment Report, of the 23 contributing models, four models had resolutions in the 4°-5°range, eight around 3°, eight around 2°, and three less than 2°. Models incorporating atmospheric chemistry and its time-consuming photochemical routines tend to be of somewhat coarser resolution; of the 26 models participating in the 2000-2030 air quality assessments [Dentener et al., 2006] , twelve of the models use resolutions of 4°-5°o r coarser, 14 use resolutions between 2.5°and 4°, and two use resolution around 2°. The model simulations performed here (at 2°Â 2.5°and 4°Â 5°) which focus on tracer transports of interest for atmospheric chemistry cover the majority of models in these ranges.
[7] The following section discusses the methodology for the experiments, while the results section discusses the models' interhemispheric and intrahemispheric transports, vertical mixing within the troposphere, transport between the troposphere and stratosphere, and within the stratosphere. Several of the model configurations use slightly different physics; in the discussion section we differentiate between the impact of altered physics and the influence of altered horizontal/vertical resolution on the tracer simulations. We also show how (inadvertently) correcting one of the major model deficiencies substantially improves many of the transport properties.
Methodology
[8] Through a series of systematic experiments, we investigate the dependency of tracer transports on model physics, horizontal resolution and vertical resolution with the use of six versions of NASA Goddard Institute for Space Studies (GISS) GCMs. The models are all new, in the sense that they have had substantial updates in their physics routines. They can be categorized into two main foci: ''Model E,'' whose main use is for multicentury simulations of past and future climate, and ''Model 3,'' which is the new version of the GISS Global Climate/Middle Atmosphere model, intended for investigating interactions between the stratosphere and troposphere. Each of the different configurations has its own intended purposes, which along with other information is provided in Table 1 .
Updates Common to Both Model E and Model 3
[9] The updated physics routines common to both models are discussed in detail by [Schmidt et al., 2006] . Of particular relevance for tracer transports, atmospheric turbulence is calculated throughout the whole atmosphere (instead of using dry convection to remove unstable gradients). In the boundary layer a formulation is used for the temperature, moisture and scalar fluxes that consists of a local (diffusive) term and a countergradient term derived from large-eddy simulation (LES) data [Holtslag and Moeng, 1991] ; in addition, there is a revised formulation for turbulent kinetic energy derived by Moeng and Sullivan [1994] from LES data. The approach includes a nonlocal turbulence model whose primary effect is to lift tracers (including water vapor) from the lowest to higher levels of the boundary layer.
Above the boundary layer a new second-order closure model is employed [Cheng et al., 2002; Dubovikov, 1996a, 1996b] which alters the solution of the Reynolds stress and heat flux equations, and increases the critical Richardson number for cessation of turbulence from 0.2 to 1; this has the effect of improving species distributions in unstable conditions [Schmidt et al., 2006] . In conjunction, additional alterations were made to the surface flux calculations (see Schmidt et al. [2006] for details). These changes will influence the vertical distribution of species, especially those with surface/boundary layer sources.
[10] The convection routine has also been modified. It still uses a mass flux approach to cumulus parameterization with one undiluted and one entraining plume, with the closure assumption that sufficient mass is transported to produce neutral buoyancy of lifted parcels in one time step. Downdrafts are now handled in a more sophisticated manner, including entrainment. Cumulus condensate is detrained into an anvil which evolves in a similar manner to stratiform clouds. All moisture advection in this model is done with a quadratic upstream scheme (QUS) (similar to the second-order moments scheme of Prather [1986] ), and that now includes compensatory subsidence in response to convection. These changes will have their biggest direct impact on convective mixing of tracers, including the levels of detrainment.
[11] Other updates from previous versions that are common to both models occur in their radiation scheme (more correlated k intervals), land surface (new snow hydrology and vegetation characteristics), stratiform cloud calculation, and numerics (for increased numerical stability at the pole). These affect passive tracers by influencing the temperature gradients and winds in the climate simulation.
[12] Of direct relevance for tracer transport, all tracers are still advected with the nondiffusive QUS scheme which involves saving nine subgrid-scale moments as well as the mean within each grid box. This approach increases the effective resolution of the tracer fields; the effective tracer resolution for the model with 4°Â 5°horizontal gridding is $1.3°Â 1.6°, while for 2°Â 2.5°grids, it is $0.7°Â 0.8° [ Schmidt et al., 2006, Table 1 ]. In the new models, the tracers are much more consistent with the basic model physics; for example, the moist convection routine has been adapted to be locally and globally tracer mass conserving, and the various components of the convective fluxes alter the second-order moments in a consistent fashion.
Updates That Differ Between Model E and Model 3
[13] Within this general similarity, Model E and Model 3 have some differences in model physics which will be shown to be important as far as tracer transport is concerned. Different choices have been made in the boundary layer (Model 3 uses virtual potential temperature), and cloud and convection schemes (e.g., downdraft entrainment, cloud liquid water evaporation). The differences result in the cloud liquid water content being some 70% larger in E23 than in M23 (as indicated in Table 1 , letter E refers to Model E; M refers to the 4°Â 5°version of Model 3; and the number indicates the vertical layers). GISS models have previously been shown to overestimate cloud optical thicknesses [Tselioudis and Jakob, 2002] so the Model 3 values would seem to be an improvement. To achieve model radiation balance, the total cloud cover is slightly higher in M23 (61% compared with 59% due to a lower threshold relative humidity), and so its albedo is also slightly higher (30.9% compared with 29.4%). While the global net radiation at the top of the atmosphere and at the surface is essentially the same (close to zero) in both models, it is larger over the ocean in M23 (by $5 W m À2 ), and larger over land in E23 (by $8 W m
À2
). Both are improvements in M23 (see Schmidt et al. [2006] for comparisons of Model E with observations for these fields), and, as we will see, this impacts the precipitation field and various transports.
[14] Given that Model E is specifically designed for multicentury simulations, it has been primarily used to this point in time at 4°Â 5°resolution (for example, in the IPCC runs for AR4). It comes in two versions with either 20 or 23 levels (henceforth E20, E23), which differ not only in their vertical layering but by the location of the model top: at 0.1mb for E20, and 0.002 mbar for E23. They also differ in their gravity wave drag formulations, as discussed below. Both versions are being used extensively at GISS, with numerous publications. Model 3 in contrast is designed for evaluating troposphere/stratosphere interactions, and in general utilizes finer resolution. The lowest-resolution version (M23) matches that of model E, while other versions contain finer vertical layering (M53), finer horizontal resolution (2°Â 2.5°) (F53) and both finer horizontal and vertical spacing (F102). See Table 1 for the distribution of the vertical layering. All Model 3 versions have their top at 0.002 mbar. It too is being used for a variety of experiments, often involving atmospheric chemistry [e.g., Wu et al., 2007] .
[15] The models also differ in their gravity wave drag. Model 3 utilizes the formulations discussed by Rind et al. [1988 Rind et al. [ , 1999 except with much smaller values. These 
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RIND ET AL.: GLOBAL BUDGETS OF TROPOSPHERIC OZONE include explicit sources for both the orographic and nonorographic (from shear, convection and frontogenesis) parameterized gravity waves, with vertical propagation based on linear saturation theory through the ambient background wind and temperature structure. E23 has similar formulations, except it still uses the previous, larger values. E20 uses a Rayleigh friction formulation, with coefficients to mimic the net drag in E23. As model E was not primarily designed for stratospheric studies, less effort has been expanded on its stratospheric simulations, a point that will become apparent in the tracer transport comparisons. Gravity wave drag remains an uncertain parameterization for middle atmosphere models and is often calibrated to produce the proper wind and temperature fields in the stratosphere (which is why model E uses strong gravity wave drag). This does not guarantee it will have the proper effect on tracers, however.
[16] E23 and M23 differ only in their model physics, M53 and F53 differ only in their horizontal resolution, while M23 and M53, and F53 and F102 differ in their vertical resolution. Such comparisons should thus allow us to assess the impact of these changes on various tracer transports, at least within the context of these models.
Online Tracers and Experiments
[17] The online tracers that we use for these calculations have all been discussed in previous publications: CO 2 , CH 4 , N 2 O, SF 6 , 222 Rn, bomb 14 C, and O 3 . See Rind and Lerner [1996] and Rind et al. [1999 Rind et al. [ , 2001 Rind et al. [ , 2002 for their sources and sinks (especially Table 1a of Rind et al. [2001] ). The linearized ozone photochemistry (Linoz) of McLinden et al. [2000] is employed in the stratosphere. A similar approach is taken for the other tracers with stratospheric photochemistry (CH 4 , N 2 O, CFC-11) [McLinden et al., 2000; Olsen et al., 2001; Hannegan et al., 1998 ]. In the troposphere, CH 4 photochemistry is parameterized as in work by Fung et al. [1991] . Tropospheric ozone is calculated using monthly mean ozone production and loss rates archived from GEOS-CHEM, a global photochemical transport model [Bey et al., 2001; Park et al., 2004] .
[18] CO 2 , CH 4 , N 2 O, and CFC-11, all of which have been run previously, all started from observed initial conditions circa 1980s to mid-1990s on the basis of tropospheric observations and UARS data in the stratosphere (D. Shindell, 1999, personal communication) . SF 6 and 222 Rn started from near zero conditions everywhere. 14 C was input following the prescription of Johnston [1989] . Stratospheric ozone started from the observed SAGE II climatology [Rind et al., 2005] , while tropospheric ozone was set to 20 ppbv. Following a three month spin-up, each of these models with online tracers has been run for 12 model years. Results for each year are compared to determine when the particular tracer has reached equilibrium; for most of the tracers it is after the first or second year in the troposphere, and the third year in the stratosphere. Exceptions are CO 2 , CFC-11 and SF 6 which are continually increasing because of their sources. For all of the tracers, the relevant calculations are performed each year (e.g., interhemispheric transport) and only the ''stabilized'' transport values are utilized. The remaining $9 -10 years is sufficiently long to establish their transport characteristics (as shown by Hall et al. [1999] , this is true even for the age of air in the stratosphere).
[19] In the course of the experiments, a particularly strong influence on model transports was uncovered involving stratospheric ozone. This led to our running all the simulations twice. In the first set, the atmospheric radiation is calculated using the input (observed) stratospheric ozone field. In the second set, the experiments are rerun using the stratospheric ozone that results from the ozone tracer field, hence the radiation is interactive with the stratospheric ozone tracer (such runs are given by the letter designation ''i'' in Table 1 and elsewhere in the text).
[20] The significance of differences between experiments reported here is determined by comparison with the interannual standard deviations for the respective models and by comparison between the interactive and noninteractive ozone simulations. In cases where the ozone radiation interaction clearly does not have an influence, the two sets of runs help provide consistency checks on the relative results from the different models.
Results

Interhemispheric Transport
[21] For interhemispheric transport (IHT), we use tracers whose primary source is in the Northern Hemisphere: CFC-11, CH 4 and SF 6 . The IHT is calculated by taking the difference in concentration between the two hemispheres divided by the transport across the equator, i.e., the timescale for hemispheric equilibration. The resulting transport time t is correct only if the Southern Hemisphere source is negligible; as the Southern Hemisphere sources in these runs contribute 8% to the SF 6 and CFC-11, and 1% for methane (considering both the sources and chemistry sinks), we increase the transport times accordingly.
[22] The results for the different models are shown in Table 2 . There is a range of close to a factor of two for between the finest resolution model (F102) which has the shortest transport times, and E23, which has the longest. The horizontal resolution is not the dominant factor in this difference, as M53 and F53 have very similar values. Model E in general has somewhat longer transport times. 
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The same relative changes are found for the interactive runs (in brackets), which have a tendency for slightly longer IHTs, especially for CFC-11.
[23] How does IHT occur in the real world? Upper level convective divergent outflow has been suggested as the principal mechanism of IHT Hartley and Black, 1995] , including convection over land regions (e.g., Amazon, equatorial Africa, India) [Lintner, 2003] . As noted by Denning et al. [1999] , vertical transport is critical for IHT, as the equatorward motion that transports air from the northern to southern hemispheres occurs in the upper troposphere during June -August. The reversed vertical gradient of tracer in the low latitudes of the Southern Hemisphere suggests that the bulk of interhemispheric transport occurs aloft [e.g., Plumb and Mahlman, 1987; Plumb and McConalogue, 1988] . Staudt et al. [2001] estimated from modeling studies that up to $ 75% of total interhemispheric transport occurred in the upper troposphere. Model studies [e.g., Denning et al., 1999] have found transport across the equator roughly equally divided among the mean meridional circulation (MMC), stationary eddies and transient eddies, therefore $2/3 by eddies.
[24] Modern dynamic meteorology recognizes that the separation between the mean circulation and eddies is to some extent misleading [e.g., Andrews and McIntyre, 1976] . This is particularly true in the stratosphere, where the mean circulation is largely driven by eddy flux convergences; furthermore, in that regime, conservative, frictional and diabatic processes are more likely to be small, producing cancellations in eddy and mean circulation transports [Andrews et al., 1987] with potentially large misleading terms for each. Therefore stratospheric transports (sections 3.6, 3.7 and to some extent 3.4 and 3.5) will be discussed in terms of the transformed Eulerian mean (TEM) residual circulation, which is a more accurate depiction of the mean circulation plus eddy effects, especially for linear, steady, conservative waves [e.g., Andrews et al., 1987] . In the troposphere, the mean circulation is driven by diabatic forcing, e.g., convective latent heat release, with the eddy contribution quite limited [see, e.g., Crawford and Sasamori, 1981] . Similarly, the primary forcing for eddies (baroclinic instability) is largely independent of zonal mean meridional circulation effects. Therefore, for tropical and tropospheric phenomena, we will continue to differentiate between eddies and the mean circulation components of transport. This has the advantage of allowing for direct comparison with previous studies, which used these concepts. In addition, the two phenomena may have very different sensitivity to changes in physics or resolution. For both the Eulerian and TEM descriptions, however, transport ultimately depends on departures from steady, linear, conservative (nondiabatic, frictionless) conditions [Andrews et al., 1987] .
[25] We can compare the model results with the real world expectations, which will also help explain why the Model E transport times are slower. In terms of the proportion of southward transport of SF 6 mass flux across the equator, the Model 3 and Model E configurations all have between 75% and 90% at levels above 500 mbar. The proportion of total vertical transport above 500mb associated with moist convection (as opposed to large-scale transport) ranges between 60 -70% in M53, F53, and F102; it is 54% in M23, and about 45% in E20 and E23. Model E has reduced convection and precipitation over land in the Northern Hemisphere summer monsoon region (see Table 3 ). This affects the mean circulation: model E has the weakest Hadley cell (and F102 the strongest, Table 3 ). It also affects the tropical eddy kinetic energy (EKE) by altering the dynamic generation; the tropical EKE is being D09315 RIND ET AL.: GLOBAL BUDGETS OF TROPOSPHERIC OZONE generated in all of the models via conversion of eddy available potential energy (EAPE), and both EAPE and this conversion are weakest in model E (while, again, F102 has the largest). Potential energy at low latitudes is generated when the latent heat release occurs in warmer air; because of the choices noted in section 2.2, Model E has a lower proportion of precipitation over (warm) land compared with that over the (cooler) ocean than does Model 3. The biggest difference in EKE between Model E and Model 3 is in the tropical upper troposphere, directly influencing IHT. As both the Hadley cell and eddy kinetic energy change in the same way between models, eddy/mean circulation transport ratios range between 55% and 65%, close to the general model value in the TransCom comparisons.
[26] In contrast to these results, Williamson et al. [1995] found that tropical upper tropospheric EKE decreased with increasing resolution (without increasing vertical resolution) in the CCM2 model with no evidence of convergence up to 1°resolution; Brankovic and Gregory [2001] found little systematic change when increasing the resolution from 2°to 0.6°(again without increasing the vertical layering). The combination of finer horizontal and extremely fine vertical resolution may aid the GISS model in its generation of tropical EKE. In addition, in all of the GISS models, convection mixes momentum (which then acts as a sink for EKE), and we show later that at the highest altitudes in the tropical upper troposphere, Model E has the largest convective flux, and F102 the least.
[27] What is the proper IHT? Observations of passive tracers indicate a timescale ranging from 0.7 to 1.8 years [Lintner, 2003] , with values often recorded around 1 year [e.g., Gilliland, 1997; Kjellstrom et al., 2000] . However, interhemispheric transport times calculated from surface observations (as is often the case) will generally exceed those using the full depth of the atmosphere (threedimensional (3-D), as in these calculations) [Levin and Hesshaimer, 1996] because of the relaxed gradients in passive tracers found at altitudes above the surface; the difference is about a factor of two [Lintner, 2003] . Indeed, in the models used here, the surface interhemispheric difference is about twice that for the troposphere as a whole. The exchange time for the NCEP reanalysis winds utilized in the MATCH model is about 0.8 years (for CFC-11), when employing the full 3-D data [Lintner, 2003] . The 3-D exchange time in the models used for the TRANSCOM SF 6 intercomparison [Denning et al., 1999] generally ranged from 0.55 to 1.05, with an average of 0.81 ± 0.2. From this perspective, the Model E values look to be too slow.
[28] Considering the tropospheric circulation, during June-August, estimated values of the Hadley cell range from a peak of $190 Â 10 9 kg s À1 in the NCEP/NCAR reanalysis to $230 Â 10 9 kg s À1 in the older ECMWF analysis [Trenberth et al., 2000] , to 270 Â 10 9 kg s À1 in the latest ERA40 reanalysis [Kållberg et al., 2005] . The various models generally produce values within this range, although F102 is higher than even the ERA40 estimate. For precipitation, the various observational data sets [Shea, 1986; Legates and Willmott, 1990; Hulme, 1992; Beck et al., 2005] , peak at a little over 10 mm d À1 in July in Northern India, and 6 -10 mm d À1 over Central America. Model 3 values generally are similar to observed over Central America. They are also similar or close to the upper end of the observed values over northern India, especially in the finer resolution runs in which the largest values occur, perhaps aided by the increased topography. Model E precipitation is generally lower over Central America (3-6 mm d
À1
) and in E20, lower over northern India (6-10 mm d À1 ).
[29] We can compare the model results with observations of CFC-11 made during the time of the strong trend used as the source in these experiments [Kaye et al., 1994] . The results are shown in Figure 1 ; the reduced gradient characteristic of the models with the shorter IHT times is a better fit with the observations (which actually imply an even faster IHT). The model results are for latitudinal averages while the observations are at specific locations, but the conclusions are similar when using the model values for the RIND ET AL.: GLOBAL BUDGETS OF TROPOSPHERIC OZONE relevant grid boxes. A caveat is that results from any particular period may not be indicative of general conditions.
Intrahemispheric Transport
[30] The mixing within each hemisphere is primarily a function of eddy transports from the midlatitude sources, with subsequent involvement of the mean circulation. The standard deviation between the models of the eddy kinetic energy in the Northern Hemisphere troposphere is $6%. All the models produce a ratio between the midlatitude and equatorial region concentrations for CFC-11 of 1.10 -1.14. Observed values for this ratio covering the analogous time period for the 1980s are $1. 10 [Kaye et al., 1994] . Observed values for the SF 6 ratio in the marine boundary layer are similar ($1.06) [Denning et al., 1999] , while ratios for Kr85 are again of roughly similar magnitude ($1.16) [Jacob et al., 1987] .
[31] Concerning the midlatitude/high latitude ratio, all the models in this study produce similar values at the surface of $1.08 ± 0.01, which is slightly higher than indicated by the sparse observations shown by Denning et al. [1999] ($1.02) for an Atlantic transact during two months. Whether this represents inadequate mixing or insufficient observational evidence is unknown, although Model E underestimates storm track frequencies at the highest latitudes [Schmidt et al., 2006, Figure 19 ] which might be indicative of a lack of sufficient transport. In the Northern Hemisphere, the similarity in extratropical EKE leads to similar intrahemispheric mixing properties in all the models.
[32] In the Southern Hemisphere, most of the models have similar magnitudes of EKE except for F102, which has about 15 -20% more. There is some variation among the models in the difference in gradient between midlatitudes and the pole, but it is not consistent from tracer to tracer. For example, there is a difference in CFC-11 gradient (with F102 having the least), but not in SF 6 or CO 2 . Observations show little extratropical gradient in the Southern Hemisphere for SF 6 , CO 2 or CFC-11 [Denning et al., 1999] (NOAA CMDL sampling network (http://cdiac.ornl.gov/ trends/co2/cmdl-flask/cmdl-flask.html), and overall the model gradients are small as well. [34] Shown in Figure 2 is the global, annual average vertical profile of 222 Rn from the different models. The results indicate that the distributions on this scale are quite similar. Concerning the differences which do arise, the two Model E runs have somewhat lower values between 500 and 300 mbar, where F102 has the largest, and Model E has somewhat higher values at levels above 200 mbar, where F102 has the smallest. In all the models, both large-scale vertical transport and moist convection remove 222 Rn from D09315 RIND ET AL.: GLOBAL BUDGETS OF TROPOSPHERIC OZONE the region below 800 mbar. The large-scale transport then dominates in lifting 222 Rn up to about 500 mbar, and then convective transport dominates above, although both are generally positive throughout. Ultimately, the relatively small differences seen in this vertical profile are due to differences in convective mixing, associated with both model physics and vertical resolution.
[35] We show in Table 4 the ratio of   222 Rn between the upper troposphere (350-200 mbar) and the lower troposphere (984 -444 mbar, primarily in the boundary layer) The lower-resolution models, including both model E runs, all have reduced values, indicating less vertical mixing. The vertically integrated convective mass flux in Table 4 indicates that the runs with reduced vertical mixing have reduced mass flux as well. Increased vertical eddy transports arise in the finest resolution model, due to both its higher EKE (Table 4) as well as the likely better resolution of the warm conveyor belt in synoptic systems [e.g., Hess, 2005] .
[36] These results differ from those reported by Pope et al. [2001] and Roeckner et al. [2006] who found that finer vertical resolution led to reduced vertical mixing into the upper troposphere (for water vapor). In those simulations, the finer vertical resolution was associated with increased midlevel convective detrainment, which stabilized the atmosphere and prevented deeper convection from occurring as frequently. In this model the reduced convective penetration with finer vertical resolution occurs only at levels above 200 mbar (as indicated several paragraphs above). The differences may relate to the particularities of the convection scheme. In addition, Pope et al. [2001] note that models with semi-Lagrangian advection schemes show less sensitivity to vertical resolution for moisture; as this model uses the highly nondiffusive second-order moments scheme for vertical advection it should have less implicit numerical diffusion associated with coarser vertical resolution.
[37] The results can be compared in a general way with other modeling studies of 222 Rn. For example, Mahowald et al. [1997] used the MATCH model with winds provided by NCEP and ECMWF. In the Northern Hemisphere, the ratio of concentration at 300mb to that at low levels at upper midlatitudes varied from 20% (NCEP winds) to 12% (ECMWF data). The finer resolution models used here (M53, F53, F102) all had ratios around 13%, close to the ECMWF value, while the values with the coarser resolution models were lower (M23, 9.7%; E23, 9.2% and E20, 7.1%). However, the MATCH model overpredicted the upper troposphere values in comparison with specific observations, by about 2.5; if one were to apply that to the simulations in general, it would reduce the ''observed'' ratio to 5 -8% (assuming the source was not similarly overpredicted). Note that the experiments in this paper use a source for 222 Rn associated with decay of radium in soils as well as a small contribution from the oceans [Rind and Lerner, 1996; Taguchi et al., 2002] ; the soil contribution is a function of temperature (and set to zero when the ground is frozen or snow covered), but not water saturation.
[38] Mahowald et al. [1997] found that results are very sensitive to model convection schemes. The GCMs discussed here all use a similar scheme, albeit with somewhat different choices, hence their results do not differ as much Rn, or in fact any of the tracers, would be to investigate the impact of finer vertical resolution on boundary layer mixing, both diurnal and seasonal. With thinner layers in the boundary layer, models might be expected to have increased tracer concentrations from a surface source especially at night, when the atmosphere is stable, and perhaps in winter. However, with its land surface source a function of temperature,
222
Rn will have reduced emissions during winter, especially when the soil is frozen. The seasonal variation of rainfall in the models will influence the source as well, by affecting the ground surface temperature. Vertical resolution will also affect turbulent transports and convective mixing, making it unclear what role it will really play.
[40] The model results show no systematic seasonal variation in boundary layer concentrations with either model physics or resolution; apparently the various processes work against one another. In comparison with observations made at Chester, Pennsylvania [Jacob and Prather, 1990] , only F102 produced the appropriate summer peak, with the proper magnitude. However, at other locations in the United States the seasonal peak is not necessarily in summer [Jacob and Prather, 1990] , so the comparison for any particular region may not be generally applicable. The salient point is that the magnitude of the surface concentration is not a function of vertical resolution in these models.
[41] We can also compare the diurnal variation. Concerning the ratio between maximum and minimum concentration, all the runs have ratios close to the observed, especially during winter. The time of concentration peak and trough are a few hours later than the observed; however, in both the model and observations the peaks and troughs are quite broad, and the differences may not be meaningful. This conclusion was true for a wide diversity of locations.
[42] As an additional assessment of the influence of vertical resolution on low-level concentrations, the hourly values were composited into histograms of occurrences for various regions. Shown in Figure 3 are the results for two diverse situations: Siberia in winter where a reduced source would occur in conjunction with a stable atmosphere; and the Amazon rainforest region during the rainy season, where a strong source would be combined with convective activity and rainfall. In neither case is there any consistent relationship between vertical resolution and peak or minimum in concentration. Apparently, the numerous other influences, including convection and turbulent transports, and the rainfall and cloud cover influence on ground temperature, prevent the finer resolution from resulting in higher concentrations in any consistent manner. For example, E20 has high values presumably because it has reduced convection over land.
[43] We also investigated the variation in the planetary boundary layer depth (PBLD) at different locations. PBLD is determined by calculating the altitude at which the turbulent kinetic energy decreases to 10% of its surface value. There is no correlation between either the maximum or minimum PBLD and vertical or horizontal resolution.
Model E values, due to choices associated with the planetary boundary layer and convective parameterizations, have nighttime minimum values as shallow as the finest resolution versions of Model 3 on the time average. All the models may underestimate the daily maximum, and the use of 5% turbulent kinetic energy as the criterion increases the PBDL appropriately (L. Mickley, personal communication, 2006) . However, this choice has a negative impact on the diurnal variation, raising the nighttime values unrealistically.
[44] The surface wind values are of importance for both evaporation and surface fluxes including dust. There is some increase in velocity with finer resolution (more so horizontal than vertical). Even here, however, the different details of the boundary layer formulation in Model E are apparent, as this model has higher velocities over land, but lower over many ocean grid boxes, again independent of vertical resolution issues.
Transport From the Troposphere Into the Stratosphere
[45] A number of the tracers have sources in the troposphere and primary sinks in the stratosphere. The ratio between their tropospheric and stratospheric burden is a D09315 RIND ET AL.: GLOBAL BUDGETS OF TROPOSPHERIC OZONE measure of the transport from the lower to the upper region. Shown in Table 5 are the ratios for three different species, CFC-11, CH 4 and N 2 O. These all have somewhat different geographic source regions, and sinks at different altitudes within the stratosphere (in addition to the tropospheric sink/ source for CH 4 ). Also shown are the results for SF 6 with a source in the lower troposphere and no stratospheric sink.
[46] The model E runs tend to have somewhat higher stratospheric concentrations, indicating faster transport from the troposphere to stratosphere. This would be expected of Model E because of its coarse resolution with its implicit vertical diffusion (see Table 1 ; the modeling layering varies smoothly so there is no special resolution near the tropopause different from that in the regions as a whole). However, the QUS scheme to some extent minimizes diffusive transports, and at the same resolution, E23 has consistently higher stratospheric concentrations than M23. The latitudinal distribution of the vertical transport of SF 6 through the 117 mbar level is presented in Figure 4 ; for comparison, we also show the vertical transport of a different species, CO 2 . The differences among the models are clearly not a function of one specific species, as they are essentially the same for each of the species in Figure 4 and Table 5 . The biggest differences in the transport into the stratosphere occur in the tropical region where there is a tendency for the finer resolution models to have less positive, or even negative transport right near the equator. In contrast, E23 has very large positive transports there.
[47] From the TEM perspective, the flux up through the tropical tropopause is associated with the large-scale residual There is a correspondence between the Àr . EP and the ordering in Table 5 , as Model E has the largest values in the lower stratosphere, and the finer grid runs have the smallest. Differences amongst the models in both physics and resolution are involved; we provide a fuller discussion in Section 3.5.
[48] Additional insight can be found by investigating the longitudinal variations associated with the zonal average. The differences relate to the vertical velocity and ultimately to the tropical eddy kinetic energy. Eddy heat flux divergence around the equator is providing cooling, and inducing subsidence at 100 mbar in the finer resolution models, especially over the western Pacific. With the greater tropical eddy kinetic energy in F102 (Table 2) , there is greater cooling due to eddy heat flux divergence at the 100 mbar level (À0.6°C d
À1
) compared to E23 (0.0°C d
) and E20 (À0.1°C d
) both of which had the least eddy kinetic energy (Table 2) ; M53, with the next most eddy kinetic energy, had the next higher eddy heat flux divergence
(Note: the eddy-induced temperature differences are not compensated for by mean circulation effects, which are promoting a similar smaller cooling in each run.) These longitudinally specific effects are in addition to the zonal mean residual circulation forcing (r . EP) discussed above. This effect of increased eddy heat transport divergences on decreasing the vertical transport into the stratosphere by producing cooling and subsidence is contrary to the mechanism proposed by Reid and Gage [1996] , in which eddy heat transports would amplify the vertical transport by altering the stability profile to allow for more convective overshooting.
[49] Another factor influencing the net vertical transport, and hence the results in Table 5 , is the transport downward back into the troposphere in the vicinity of the subtropical jet. As implied by the transports in Figure 4 , all the models exhibit the well-known thermally direct circulation with rising motion equatorward of the subtropical jet, and sinking motion poleward, but the result in E23 is quite anomalous, with very strong downward and upward transports in the vicinity of the jet. It is associated with an oscillation in the mean circulation (it does not show up in the eddy transports), and extends throughout the troposphere. It appears to be the result of the (orographic) gravity wave drag parameterization, which has a similar variation associated with topography, i.e., its impact oscillating with latitude, and resulting in alternating convergences and divergences. E23 has the strongest gravity wave drag in the lower stratosphere, which appears to contribute to this circulation (E20 with Rayleigh friction acting everywhere does not have the latitudinal dependence). Even averaging out the oscillations, E23 has considerably larger downward SF 6 transport in the vicinity of the subtropical jets, to balance its increased vertical transport through the equatorial region.
[50] To verify that the strong parameterized orographic drag was responsible for the results shown in Figure 4 , we reran E23 for 12 years with the reduced parameterized orographic momentum flux that is employed in M23; the strong oscillation in transports disappeared. In addition, the The larger the ratio, the less ''leaky'' is the stratospheric tropical ''pipe. '' Results from the ''interactive'' runs are shown in brackets.
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[51] What is the proper ratio of concentrations above/ below 100 mbar? We can estimate that value using nine years of the HALEO-CLAES stratospheric methane observations along with general observations of tropospheric methane. The ratio for CH 4 corresponding to the values in Table 5 is 8.9. From that perspective, the ratio in F102 looks to be too low, while that of E23 is too high. However, we can also compare the variation with time of a species whose primary loss mechanism is via transport into the stratosphere. We use CFC-11 during the time when the trend was strong which corresponds to the increase in source strength used in these experiments. The observed increase was 9.3 pptv yr À1 during the 1980s [Cunnold et al., 1994; Kaye et al., 1994] ; the model results compared with this trend are shown in Figure 5 . The models with the smallest flux into the troposphere best fit the observed trend, and in this case F102i looks to be the best.
Transport From the Stratosphere Into the Troposphere
[52] In conjunction with the previous section, a more rapid rate of upward transport should be associated with more rapid downward transport. The location of the downward transport is also an issue, as transports into the troposphere at high latitudes are more protected in winter from active photochemistry.
[53] To assess downward transports, we use bomb 14 C, associated with the explosion of October 1963, the subject of a multimodel intercomparison [Prather and Remsberg, 1993] . We calculate the residence time via a linear fit to the logarithmic falloff of the stratospheric composition. The results are shown in Table 6 for both the first 36 months, and 7.5 years.
[54] The observed residence time varied with duration from the bomb release; as the time from the explosion increased, the atmospheric circulation was able to transport material to higher levels in the stratosphere, lengthening its Figure 9 . Age of air at (top) 100 mbar and (bottom) 45 mbar for the (left) noninteractive runs and (right) interactive runs calculated by comparison with the concentration at the tropical tropopause. In the bottom plots, model results are compared with observations [Andrews et al., 2001 ] and the range of M&M II models [Hall et al., 1999] .
residence time. The short-term residence time was probably close to 4 years, while the longer time was on the order of 5 years [Prather and Remsberg, 1993] . From that perspective, for the short term the finer resolution runs (especially F102) produced the most realistic result, while the coarser resolution models were the least realistic. On the longer timescale, F102 again was the most realistic, while the other models showed no systematic change with resolution.
[55] Considering the mechanisms for downward transport, first from the TEM perspective, Model E has an intensified downward flow as part of its stronger residual circulation. We show in Figure 6 the residual circulation vertical velocity (w*) for the different models at the 100 mbar level. The model E values show greater downward flow in the extratropics of both hemispheres (as well as greater upward flow in the tropics). These larger values are driven by larger EP flux convergences in the lower stratosphere in model E, at least in part due to the stronger gravity wave drag in that model. In addition, E23 shows greater oscillations in w* (as it did in the total transport of Figure 4 ), also associated with the stronger gravity wave drag. All the models have strong negative values of w* near the poles worse in model E in the Southern Hemisphere (its w* values go up to 2000 Â 10 À6 m s
À1
), where its orographic gravity wave drag is stronger.
[56] From the standard Eulerian perspective, for Model 3, the finer resolution models have less eddy kinetic energy at the 100 mbar level, due to a reduction in upward flux of eddy geopotential energy (i.e., upward wave flux). Presumably with finer horizontal resolution, waves move further and transport heat poleward more efficiently, and as a concomitant, have reduced total upward energy flux. In addition, with finer vertical resolution, the reduction with altitude of eddy geopotential flux is better resolved, leading to less eddy kinetic energy around 100 mbar. The reduction in eddy kinetic energy then leads to reduced downward transport at upper midlatitudes. This reasoning also applies to the reduced EP flux convergences found in the lower stratosphere in the finer resolution runs, discussed in section 3.4 responsible for the weaker residual circulation.
[57] We can also evaluate the transport of ozone from the stratosphere into the troposphere. Also shown in Table 6 are the annual average values for the different models. The finer grid models have the smallest net transport. Observed ozone fluxes into the troposphere are generally in the range of 400-600 Tg yr À1 [Murphy and Fahey, 1994; Olsen et al., 2001 Olsen et al., , 2004 , while Stevenson et al. [2006] reported the average from 25 models of 520 ± 200. The finer resolution models are more consistent with this range, although an ''observed'' value as large as 800 Tg yr À1 results from using the extreme estimates for each hemisphere of McLinden et al. [2000] .
[58] A further test of the validity of the ozone influx can be obtained by comparing the resulting tropospheric ozone profiles with observations. Shown in Figure 7 are comparisons with annual average observations for a range of Figure 10 . (left) Annual average ozone distribution in the different models for the interactive run as well as observations from SAGE II [Rind et al., 2005] and HALOE-MLS (obtained from the SPARC data center). (middle) Difference in ozone between that calculated (and used for the radiation) in the interactive run and that specified from observations (and used for the radiation in the noninteractive run). (right) Annual average temperature difference between the interactive and noninteractive run. latitudes (the same general characteristics exist in all seasons). These results are representative of other stations at the respective latitudes. As can be seen, the different models all produce excessive ozone at the higher latitudes, with the finer resolution runs producing the more realistic results in direct relationship to the relative influx of ozone (Table 5 ). The errors are less at midlatitudes and all the models produce reasonable distributions in the tropics.
[59] It is also apparent in Tables 5 and 6 that the interactive runs have smaller fluxes through the tropopause (and they have more realistic profiles compared with ozonesonde data, not shown). We discuss the reason for this in section 3.7.
Transport Within the Stratosphere
[60] A summary presentation of the rapidity of the stratospheric circulation is obtained by diagnosing the age of air. Presented in Figure 8a are the age of air profiles generated from calculating correlations with the SF 6 increase at the surface. The differences among the model circulations are apparent. E20 has the youngest air in the upper stratosphere, influenced by the presence of the model top. In general, the finest resolution models have the oldest age of air throughout the middle atmosphere, with the exception of E23, which, however, has the flattest distribution.
[61] The latitudinal spread in age of air contours is indicative of the most ''leaky'' stratospheric pipe. We quantify this aspect by relating the ratio of SF 6 in the tropics to the value at 30°N/S for various pressure levels in the low to middle stratosphere ( Table 7) . As is evident in Table 7 , the finer resolution models in the low to middle stratosphere have less leaky tropical pipes, while the Model E values are more leaky. This can be related at least partly to the gravity wave drag parameterization in Model E (or Rayleigh friction in E20), which in the lower stratosphere (including the subtropics) is 10 times stronger than that in Model 3; when acting on a west wind, the drag forces a poleward flow which helps mix air out of the tropical pipe region. The rerun of E23 with reduced orographic gravity wave drag reduced the differences seen in Table 7 between E23 and M23 by about 1/2.
[62] We compare (Figure 9 , left) the age of air in the models from SF 6 (calculated now with respect to the concentration in the tropical upper troposphere) with observations [Andrews et al., 2001] and with models that participated in the M&M II simulations [Hall et al., 1999] (Figure 9 , bottom). The finer resolution models have larger values and, especially in the interactive runs (right), are within the range of the observations (which utilize CO 2 , and produce results similar but probably not identical to those from SF 6 ). The model E values in general are too young. Compared with the models from the M&M II simulations, all Model 3 configurations produce older and more accurate age of air assessments in the extratropics.
[63] These differences relate directly to the different intensities and configurations of the residual circulation in the stratosphere, driven by the EP flux convergences discussed previously. If the absolute value of the annual average residual circulation intensity at 24N and 24S, 117 mbar are added together, the largest value is in E23 (20 Â 10 9 kg s À1 ), the next large in E20 (17 Â 10 9 kg s À1 ), the smallest in F102 (13 Â 10 9 kg s Table 3 shows that the models with the weakest/ strongest tropospheric Hadley cell have the strongest/weakest stratospheric residual circulation.)
Influence of Interactive Ozone
[64] Shown in Figure 8b is the difference in age of air between the runs which used the tracer-derived ozone in the atmospheric radiation calculations and the standard runs ).
D09315 RIND ET AL.: GLOBAL BUDGETS OF TROPOSPHERIC OZONE which used observed ozone. In the stratosphere, the interactive runs show increased ages of air, sometimes exceeding one year. Comparison with observations ( Figure 9 , right) shows that these ages of air are more accurate. In the previous sections, it was apparent in the tables that the interactive ozone runs had reduced transports in and out of the stratosphere, and looked more realistic. Why were the interactive runs more successful in simulating transports associated with upper tropospheric and stratospheric processes?
[65] The ozone distribution produced in the interactive runs is shown in Figure 10 (left plots, along with observations from SAGE II and HALOE-MLS). In the middle plots of Figure 10 we show the difference with the specified ozone used in the noninteractive runs, derived from numerous sources including a zonally averaged monthly mean climatology constructed by G. Labow (personal communication, 2004 ) from ozonesonde observations, merged with SAGE II and UARS-MLS data [Schmidt et al., 2006] . The ''prescribed'' versus ''tracer'' ozone difference indicates the interactive runs have more ozone in the lower stratosphere, especially at higher latitudes. A primary reason for most if not all of this discrepancy, which is generally on the order of 30-40% annually, is that the Linoz scheme as utilized does not contain an ozone hole parameterization; the model results therefore look much more like the pre-1980s ozone values in these regions. With the added ozone, the interactive run features warmer temperatures in the polar regions ( Figure 10 , right plots). The warming of some 5°C averaged over Southern Hemisphere summer is consistent with that calculated for this season poleward of 65°S due to the ozone hole in the Hadley Centre model and is in general agreement with observations [Gillett and Thompson, 2003] . The warming is less in the Northern Hemisphere during summer due to the weaker ozone hole.
[66] The warmer temperatures lead to increased stability and reduced eddy kinetic energy generation. Shown in Figure 11 is the annual average difference in the vertical EP flux between the interactive and noninteractive runs (left), the difference in EP flux divergence (EPFD) (middle) and the difference in the transformed Eulerian (residual) stream function (TSF) (right). For stratospheric age of air considerations, the region of prime concern is between 100 and 10 mbar. In both hemispheres, at most latitudes but particularly in the extratropics, all the interactive runs feature a reduction of planetary wave energy, with peak values in the stratosphere of 20-30%. The result of this reduction is a relative increase in EFPD between 100 and 10 mbar, again of order 20 -30%. With an increase in EFPD, the stratospheric residual circulation is driven less strongly, and slows down (positive values in the Northern Hemisphere and negative values in the Southern Hemisphere for the TSF change are opposite to the control run values, and hence indicate a weakening of the circulation). The TSF reduction signifies a reduction in w* and v*, the effective vertical and meridional transport velocities for tracers, resulting in the increased age of air. The difference in the EFPD increase in the two hemispheres (Figure 11 , middle) also results in a more symmetrical distribution of tracer ages around the equator.
[67] The upward EP wave flux from the troposphere, especially in the Southern Hemisphere, is reduced on the order of 10 -15%. This occurs in all the models in approximately the same way. The effect starts at the surface (especially in the Southern Hemisphere), weakens in the middle troposphere, and then arises again directly from the upper troposphere where the effect of the stability increase is most felt. Hence the interactive stratospheric ozone run has altered the wave energyforcing from the troposphere, affecting the age of air in the stratosphere. The peak eddy kinetic energy changes in the troposphere itself are a few percent.
[68] The warmer polar temperatures (which occur primarily in summer, especially in the Southern Hemisphere) actually correct a long-standing model problem, true for most GCMs [e.g., Roeckner et al., 2006] : the inability to produce sufficiently high temperatures at high Southern latitudes in the upper troposphere/lower stratosphere during summer. By alleviating this problem, the interactive run produced a more realistic circulation.
Discussion and Conclusions
[69] The prime purpose of this comparison has been to determine if model physics, vertical resolution or horizontal resolution affect the different tracer transport characteristics in models, discussed here with respect to the new GISS GCMs. The primary conclusions are as follows:
[70] 1. Model physics: The cloud and convection schemes affect precipitation over land, and this has a noticeable impact on interhemispheric transport. Lack of sufficient precipitation over land in the monsoon region during Northern Hemisphere summer in Model E results in IHT that appears to be too slow. By affecting tropical eddy kinetic energy, it also results in faster transport through the tropical tropopause. Smaller changes arise in the vertical transport within the troposphere. Differences in the boundary layer scheme (not using virtual potential temperature) at least in part allow Model E to produce diurnal variations and boundary layer processes as good as the finer resolution models. The strong gravity wave drag in the lower stratosphere results in excessive leakiness of the stratospheric tropical pipe, and large (spurious) transport in, within and out of the stratosphere. Having the model top near the stratopause reduces the age of air to unrealistic values there.
[71] 2. Horizontal resolution: Most of the transport characteristics do not appear to be dependent on horizontal resolution in this range, at least when the same vertical resolution is used (M53, F53) ; for example, there are similar interhemispheric transports, similar percentage of eddy/ MMC contribution to the IHT, similar EKE and intrahemispheric transport, and generally similar vertical transport within the troposphere. Within the stratosphere, the leakiness of the tropical pipe is similar, as is the age of air. F53 has slightly smaller transport between the troposphere and stratosphere and slightly longer residence time for bomb 14 C within the stratosphere.
[72] However, it is important to note that horizontal resolution has been found to have significant impact on photochemistry. For example, Wild and Prather [2006] showed how tropospheric ozone production is dependent on model resolution because its chemistry is nonlinear, the timescales for chemical production are short, and precursors are artificially distributed over the spatial scale of the model D09315 RIND ET AL.: GLOBAL BUDGETS OF TROPOSPHERIC OZONE grid. In particular, ozone production is larger at coarser resolution where urban and rural emissions are artificially mixed. Chemical model comparisons may thus differ because of different horizontal resolutions for reasons other than their transport properties.
[73] 3. Vertical resolution: In contrast, vertical resolution has noticeable impact on tracer transports. The finer vertical resolution runs have faster interhemispheric transport (associated with both stronger Hadley circulation and increased tropical eddy kinetic energy), somewhat increased vertical mixing in the troposphere, slower transport between the troposphere and stratosphere, older age of air, and a less leaky stratospheric tropical pipe. Boundary layer processes are actually much less affected, contrary to expectation.
[74] The combined increase in vertical and horizontal resolution in F102 does have effects that are not apparent when just horizontal resolution is increased; in particular the tropical EKE is much larger, the moist convective transports do not reach to as high an level, and there are some differences in the boundary layer concentrations of 222 Rn. Lindzen and Fox-Rabinovitz [1989] discussed ways to assess the horizontal and vertical scaling necessary to represent atmospheric waves accurately and avoid noise in simulations, by comparison to the Rossby ratio between horizontal and vertical scales in quasigeostrophic flow and the dispersion relation for internal gravity waves. While the values vary with latitude and type of wave, from the work of Pope et al. [2001] it can be noted that for 45°latitude, vertical resolution of 2 km is appropriate for resolutions on the order of 4°Â 5°; this value is exceeded slightly in E20 and is greater than that found in the 23 layer or 53 layer models. For a resolution of 2°Â 2.5°, 1 km resolution is sufficient, and that is considerably larger than in F53 or F102. Thus these models would appear to have vertical resolution at least sufficient for the horizontal resolution employed. However, the scaling breaks down in the tropics, and previous studies have shown the tropical response, including both convection and the Hadley Circulation, is highly sensitive to vertical resolution [Williamson, 1999; Pope et al., 2001; Roeckner et al., 2006] . The results here show that the significant differences which exist between F102 and the other models are often associated with its tropical response.
[75] 4. Effect of interactive ozone: By changing the temperature structure in the lower, stratosphere, transports into, within and out of the stratosphere were all affected to a surprisingly large degree. This process acts through altering the wave generation in the troposphere and its flux into the stratosphere. This large sensitivity illustrates the strong feedback that stratospheric ozone changes can have on stratospheric and related transports, operating via a tropospheric forcing mechanism; it has implications for the ability of climate perturbations to affect the stratosphere. It also suggests that the stratosphere prior to 1980 would have had a reduced residual circulation and increased age of air. As the ozone hole gradually diminishes in the future, this component will tend to increase the age of air, an effect that would have to be compared with the influence of increasing CO 2 .
[76] For the sake of GCM transports, these studies suggest the following prescriptions for model development: (1) Tropical precipitation over land is of utmost important and changes in convective, boundary layer and cloud cover parameterizations should be gauged by how they alter this field; (2) models should use as small magnitudes of gravity wave drag in the lower stratosphere as possible; (3) increases in vertical resolution are more important than horizontal resolution for tracer transport (not considering photochemistry); and (4) it is important to improve the simulation of summer temperatures in the upper troposphere/lower stratosphere, especially in the Southern Hemisphere for the sake of more realistic tracer circulation in the stratosphere. While these conclusions have been derived on the basis of various GISS GCM configurations, at least some of these results should prove relevant to general model intercomparisons of tracer transports.
